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The magnetic excitations in the system Rb~Mn, Mg, ,F4 with c = 1, 0.57, and 0.54 have been measured using

neutron-inelastic-scattering techniques. In pure Rb,MnF4 the magnon dispersion relation is accurately

described by simple spin-wave theory with dominant Heisenberg antiferromagnetic nearest-neighbor exchange,

a much weaker antiferromagnetic next-nearest-neighbor interaction, and a small single-ion anisotropy field. In

the specimens with c = 0.57 and 0.54 the scattering shows a broad response but with substructure which may

be associated with the different Ising energies of Mn ions in different environments. The measurements are in

excellent accord with the results of computer simulations but theories based on the coherent-potential

approximation do not give a satisfactory description of the measured spectra.

I. INTRODUCTION

In the past several years a number of studies
of the dynamics of concentrated insulating mag-
netic alloys have been reported. ' The explicit
systems stud'ied have been almost exclusively
transition-metal-fluoride binary alloys with the
transition-metal constituents either both mag-
netic or magnetic-nonmagnetic. The reasons for
this ubiquitous choice of these fluoride hosts are
(i) the transition-metal ions are all quite similar
chemically so that true random alloys can be
synthesized with little or no clustering effects,
while at the same time, the ions may be quite
dissimilar magnetically. (ii) The exchange inter-
action is typically isotropic and between nearest
neighbors only; thus, the mixed-crystal Hamil-
tonian involves only a small number of parameters
all of which are known from measurements on
the pure systems and/or very dilute alloys.
(iii) The spin-wave energies are in the range
most easily measured by conventional neutron-
scattering techniques. (iv) In favorable cases
large homogeneous single crystals may be grown,
so that the dynamic structure factor' S(Q, &o) may
be measured with high resolution throughout the
Brillouin zone. All of these factors combine to
produce a nearly ideal situation in which a direct
confrontation between experiment and theory is
possible.

The current status of experiment and theory in
these substitutionally disordered fluorides has
been summarized by Cowley. ' For the mixed
magnetic systems, experiments on real crystals,

computer-simulation experiments, "and various
analytic theories, most notably those based on
the coherent-potential approximation" (CPA),
seem to be in general accord. The most glaring
discrepancy is in the intensities at low frequencies
and small wave vectors in the two-dimensional
(2-D) mixed antiferromagnet Rb,Mn, ,Ni, ,F,.'
In that case there is much more weight at long
wavelengths than predicted by any of the theories
including the computer simulations. Als-Nielsen
et al. ' have also shown that in Rb,Mn, ,Ni, ,F„
the static critical behavior is identical to that in
the pure systems.

The situation in mixed magnetic-nonmagnetic
systems is rather more complex. Whereas in
mixed magnetic systems the excitations split into
two well-defined branches, in the dilute Heisen-
berg magnets S(Q, ~) generally becomes much
broader and ill-defined; thus it is less meaning-
ful to talk in terms of spin waves or a "dispersion
relation. " Correspondingly, the CPA theories
are more difficult for dilute systems as compared
to mixed magnetic systems. Until recently, one
of the principal issues in these random crystal
studies was the existence or nonexistence of
residual structure in the overall broad response;
this substructure represents the remnants of the
Ising cluster modes reflecting the different pos-
sible environments of the magnetic ion. Very re-
cent high-resolution experiments on Mn, Zn, ,F„'
however, indicate that there is indeed some barely
resolvable structure in S(Q, &u), in that system at
least, at wave vectors near the magnetic zone
boundary.
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The most subtle, and certainly the least under-
stood aspects of dilute magnets, relate to percola-
tion' "rather than to the dynamics. It has al-
ready been shown in a number of experiments in

the transition-metal fluorides" that when the
magnetic ion concentration c is reduced below a
certain level, the system does not order down to
very low temperatures, that is, there is no long-
range order down to at least 1 K. This almost
certainly corresponds to the classical percolation
problem. In this case for nearest-neighbor inter-
actions alone and for c&c~, the percolation con-
centration, the system breaks up into finite
clusters. As T -0, these clusters will freeze
into some static configuration, but the different
clusters will be statistically uncorrelated. There
is currently virtually no experimental information
on the temperature dependence of the correlations
in real magnets near the percolation concentra-
tion. Similarly, rather little is known about the
long-wavelength dynamics in these percolative
clusters.

Motivated by the above considerations, we have
undertaken an extensive study of the mixed mag-
netic-nonmagnetic 2-D antiferromagnets
Rb2MncMg l F4 These are iso mo rphous to the
much studied pure antiferromagnets K,NiF„
Rb,MnF„etc. Previously, detailed experiments
have been performed on the mixed magnetic sys-
tem Rb,Mn, ,Ni, ,F„' and this present work rep-
resents an extension of that to the diluted case,
as well as an extension to two dimensions of
earlier studies on the three-dimensional (3-D)
magnets Mn, Zn, ,F,."'

Our experiments subdivide straightforwardly
into two distinct categories: (i) those concerned
with the general dynamical response S(Q, ~)
across the Brillouin zone at low temperatures,
and (ii) studies of the static temperature and con-
centration-dependent correlations for samples
with c-c~ together with some high-resolution mea-
surements of the long-wavelength dynamics. The
main advantage of the system, Rb,Mn, Mg, ,F„
for part (i) is that for the simple square lattice
Z = 4 the near-neighbor coordination is quite low.
This, in turn, implies that the "Ising cluster
modes" which are a very subtle feature in the
Mn, Zn, ,F, system should become a gross feature
of the dynamics here.""As we have indicated
above, there is al.most no experimental informa-
tion in the literature on the correlations near
percolation. The main advantage of these 2-D sys-
tems is that in two dimensions the deviation from
mean-field behavior is as large as it can be in
the percolation problem. " Thus, these experi-
ments should provide important information to
guide and select between theories of magnetism

around the percolation point. We have, in fact,
already published a brief note on certain aspects
of the percolation work. '4

In this paper we discuss our experiments and

theory for the dynamics in Rb,Mn, Mng F4 In a
second paper to follow this, (hereafter labeled II)
we give a complete description of the percolation
experiments. The format of this paper is as
follows. In Sec. II we describe the sample char-
acterization, crystal and magnetiC structure, and

other basic details. Section III describes mea-
surements of the spin-wave dispersion relations
in the pure material Rb,MnF4. These are a nec-
essary prerequisite to our detailed studies of the
dilute samples. The measurements on the dynam-
ics of the dilute crystals are given in Sec. IV. A
detailed comparison with computer simulation and

CPA theories is made in Sec. V. Finally, the
conclusions are given in Sec. VI.

II. PRELIMINARY DETAILS

A. Crystal growth

In order to grow large single crystals that are
random and whose final composition corresponds
closely to that desired, considerable care must
be taken in the growth technique. The need for
especially large crystals in these dynamic studies
has therefore led us to explore new methods of
crystal growth for this family of compounds. We
have indeed developed a new technique which has
been quite successful. We describe this very
briefly below. A full report will be given else-
where. "

In the past, crystals of Rb, XF, (X = Ni or Mn)
were prepared primarily by horizontal zone melt-
ing or the Bridgman method. " Because these
compounds melt incongruently, the general method
of preparation has been the mechanical separation
of the 2-D phase from the other phases after
growth. While this technique often produced good
material, the single crystal size was almost
always rather less than 1 cm' in volume. As
noted above, rather larger crystals are required
for studies of the sort reported in this paper.
Recently, we have found that by using a mixture
containing an excess of RbF (40 mole/q), the phase
equilibria are shifted sufficiently to produce
Rb, XF, as the first phase to solidify. Therefore,
good single crystals could be grown on an oriented
seed crystal. This was done by using the Czochral-
ski pull method. A typical crystal preparation
was as follows. A mixture of single crystals of
RbF, MnF„and MgF, (each previously zone
refined) was weighted to produce the stoichiomet-
ric equivalent of Rb,Mn, Mg, ,F, plus 40 mole%
excess RbF. This mixture was melted in a platin-
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um boat in a hydrogen fluoride atmosphere. The
charge was then transferred to a vitreous carbon
crucible in a crystal puller. A quartz envelope
was used to contain a nitrogen atmosphere. A
crystal was pulled on a seed crystal at 1-5 mm/h
with a rotation speed of 20-50 revolutions per
minute.

B. Sample characterization

TABLE I. Lattice constants at 5 K.

Rb2MnF4
Rb2MBp gvMgp 43F4
Rb2Mng 54Mgp 4gF4

4.2153(8)
4.1500(4)
4.1457 (4)

13.801(15)
13.801(15)

For these studies we grew crystals with three
nominal compositions: Rb,MnF„Rb, Mn, „Mg, „F„
and R02Mnp SpMgp pF4 Several boules of each
were grown and individual samples with optimal
mosaic spread and size were selected for detailed
study. The crystals were typically 2 cm' in volume
and had a mosaic spread of several minutes. In
general, the crystals have a laminar morphology.
Typical Bridgman crystals (for example, the
Rb,Mn, ,Ni, ,F, described in Ref. 7) actually con-
sist of a large number of slightly misaligned
platelets. This platelet stratification was much
less pronounced in these pulled crystals.

We now consider our estimates of the actual
versus the nominal concentration, in two samples,
one nominally 50% Mn and the second nominally
59%. From previous studies of random fluorides
one knows that the final composition may differ
markedly from the composition of the start-
ing material. Further, from the work on
Rb,Mn, ,Ni, „.F, and Mn, Zn, ,F, we know that the
composition may vary across the boule itself by
as much as 10%. Chemical analysis of separate
samples taken from the 50% and 59% boules
yielded actual Mn atomic concentrations of 55%
and 60.5%, respectively. As discussed in Ref.
14, we know that the 60.5% estimate must be
slightly high for the "59%"neutron sample since
the neutron studies of the spin fluctuations in the
nominal 59% sample show that there is no mag-
netic long-range order down to 1 K. This in
turn necessitates that c(c~= 0.59. The simplest
method of estimating the concentration is from
the lattice constant themselves. We show in
Table I the measured lattice constants at 5 K for
our samples. All three samples were confirmed
to have the K,NiF, structure. " At room tempera-
ture a(Rb,MnF, ) -a(Rb, MgF, ) = 0.17 A so that the
mixed samples have lattice constants in the range

expected on the basis of the nominal concentra-
tions. From Table I we can estimate accurately
that the two mixed samples differ by 3% in Mn
concentration (as opposed to 9% nominally, and
(5+ 2)% from the chemical analysis on the separate
samples). We should add that this interpolation
technique is not reliable enough to give accurate
absolute concentrations.

After some study we realized that the concen-
trations of the explicit samples studies could be
estimated most accurately from our own quasi-
elastic neutron-scattering measurements. In
particular the pair-connectivity correlation length
as measured in Ref. 14 depends sensitively on the
Mn" concentration. As discussed extensively in
Paper II and briefly in Ref. 14, this technique
yields c = 0.54+ 0.01 and c = 0.57 ~ 0.01 for the two
samples. The former value, c =0.54, is satis-
factorily close to the chemical analysis result of
c = 0.55 + 0.02 while the difference value of 3%%d

agrees exactly with out lattice-constant estimate.
Also, as discussed in Sec. V of this paper, if
one regards c as an adjustable parameter in fitting
computer simulation theory to the measured zone
boundary S(Q, &u), then one obtains independent
estimates of c=0.54~0.03 and c=0.57+0.03 in the
two samples. Clearly, neither of these estimates
is theory independent, but the close internal
agreement, together with the reasonable consis-
tency with the chemical analysis, leads us to
believe that they are quite accurate. Henceforth,
we refer to the separate samples studied as "con-
centrated, 5y% and 54%."

C. Crystal and magnetic structure; randomness

The crystal and magnetic structures of Rb,MnF„
together with the (010) and (001) magnetic zones
of the reciprocal lattice, are shown in Fig. 1. In
all cases only those nuclear Bragg peaks appro-
priate to the K,NiF, structure are observed, there-
by confirming that the mixed crystals do indeed
retain the pure crystal structure. The magnetic
ordering in Rb,MnF, has been extensively dis-
cussed by Birgeneau et al."; the spin waves and
sublattice magnetization have been discussed by
de Wijn et al." Above T~=38.4 K, Rb,MnF, ex-
hibits pronounced 2-D magnetic short-range-order
effects in which near neighbors are antiferro-
magnetically aligned. This short-range order
manifests itself as lines of diffuse magnetic scat-
tering in the (010) zone extending in the t direction
along [h0l], centered about h=1, 3, . . . . At T„
= 38.4 K the system undergoes a rather unusual
phase transition to 3-D magnetic order. In the
same crystal, Birgeneau et al."observe two dis-
tinct 3-D ordering patterns. In the first, which
is illustrated in Fig. 1, the central spin on the
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(b) (c) III. MAGNETIC INTERACTIONS IN R12MnF4
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FIG. 1. (a) Crystal and magnetic structures of
R12MnF4. Inverting the central spin exchanges the 5
and b magnetic axes. Here we show only the K2NiF4-

type magnetic structure; the Ca~Mn04-type structure
may be generated by inverting the spina of the nnn layer.
(b) (010) and (100) magnetic zones of the reciprocal lat-
tice; again we show only K2NiF4-type Bragg positions.
Nuclear Bragg peaks are indicated by double circles.
(c) (001) zone of the reciprocal lattice: K2NiF4-type mag-
netic scattering is observed only at the filled-circle
positions.

near-neighbor (nn) plane may point either up or
down, while the spins along the e axis of next-
nearest-neighbor (nnn) planes are parallel. This
gives rise to the magnetic superlattice peaks
shown in Figs. 1(b) and 1(c). This magnetic struc-
ture is commonly denoted as the K,NiF4 structure.
However, a second structure also occurs in which
the spins of nnn planes along the e axis are anti-
parallel (the so-called Ca,MnO, structure"). This
gives rise to superlattice scattering at (h, h, ',I)—
with h+ k, l odd. These two structures otherwise
have identical magnetic properties, thereby show-
ing that the magnetism is determined completely
by the 2-D in-plane interactions. In the diluted
crystals since c & e~ = 0.59 no magnetic Bragg
scattering is anticipated. However, there should
be lines of diffuse magnetic scattering along [hOI],
reflecting the development of magnetic correla-
tions in the percolation clusters, in exact corres-
pondence to the critical scattering in the concen-
trated system. This diffuse scattering is the sub-
ject of Paper II.'4

Finally, we must consider the degree of random-
ness in the mixed crystals. As we noted in the
introduction, Mn" and Mg" are quite similar
chemically so no pronounced clustering is antici-
pated. A variety of neutron scans were made in
exact analogy with those described by Als-Nielsen
et al. ' in their crystallographic characterization
of Rb,Mn, ,Ni0 .„F4. As in that case, and in the
case of Mn, Zn, ,F„'we find a null result; that
is, we see no features in the diffuse background
scattering indicative of positional short-range-
order effects. We conclude therefore that the
Mn'+ and Mg'+ are indeed randomly distributed.

800

NEUTRON GROUPS IN Rb&Mn F+ AT 4.2K
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FIG. 2. Typical neutron groups for spin waves at 4.2K
in Rb2MnF4. The widths are determined by the resolu-
tion of the spectrometer.

Since the interpretation of our measurements
on the system Rb,Mn, Mg, ,F, requires a knowledge
of the exchange interactions between the Mn"
ions, we have measured the spin-wave excitations
in a crystal of pure Rb,MnF4. The experiments
were performed at the Brookhaven high flux Beam
Reactor. The crystal at 4.5 K was oriented with a
c axis vertical on a triple-axis crystal spectrom-
eter; measurements were thus in the (001) zone
[Fig. 1(c)]. The measurements were performed
with pyrolytic graphite crystals as both mono-
chromator and analyzer and a constant incident
neutron energy of 14.8 meV. A pyrolytic graphite
filter was used to reduce the higher-energy con-
taminants in the incident neutron beam. The colli-
mation was typically 10 min throughout.

As discussed in Sec. II, the magnetic ordering
in Rb,MnF4 has been described by Birgeneau et aL."
Above 38.4 K there are 2-D magnetic short-range
ordering effects in which the near neighbors are
antiferromagnetically aligned. At 38.4 K the sys-
tem undergoes a transition to a 3-D magnetically
ordered structure which may take one of two
forms, dependent upon the relative orientation of
the magnetic planes along the e axis. In our speci-
men, magnetic Bragg reflections were observed
at 100 and 010 reciprocal-lattice points showing
that at least part of the crystal ordered with the
K,NiF, structure which is illustrated in Fig. 1.

The frequencies of the spin waves were deter-
mined for propagation directions [&00], [&&0],
and [&0.50] (t= aqj2v) within the magnetic unit
ceQ shown in Fig. 1. Some typical scans are
shown in Fig. 2 where the widths of the groups
are consistent with the expected instrumental
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where all the sites on one magnetic sublattice have
i even and the others have i odd, and the summa-
tions are over nearest-neighbor and next-nearest-
neighbor pairs.

The energies of the spin waves of wave vector
q are then obtained from linear spin-wave theory
as

j I I I I I I I I I I I

0 C 0.50 ( 0.5 Q

REDUCED WAVE VECTOR (=(P)
FIG. 3. Magnon dispersion relation at 4.2 K in

Rb2MnF4. The solid line is the best-fit theoretical dis-
persian wave using the parameters listed in Table II in-
cluding J& and 42 and (model II).

resolution. The frequencies of the spin waves
were determined by fitting, in a least-~uares
sense, Gaussians to the neutron groups, and the
resulting frequencies are shown in Fig. 3. In all
cases the relative errors are smaller than the
size of the points on the dispersion curve. At
the magnetic zone center the measured energy,
0.62+ 0.02 meV, is in excellent accord with the
result obtained by antiferromagnetic resonance
techniques, ~ 0.62 + 0.005 meV.

Spin-wave theory for Rb,MnF, has been exten-
sively discussed by de Wijn et a/. " These authors
have deduced the nearest-neighbor-exchange con-
stant from measurements of the sublattice magneti-
zation. We have assumed a model which includes
nearest-neighbor exchange J,and next-nearest-
neighbor exchange J,within the magnetic planes; the
anisotropy originating from the magnetic dipolar
interactions is incorporated as an anisotropy field.
The Hamiltonian is then given by

x=z, Q5, 5, +z, Q x, 5,
Qn) (nnn&

y, (q) = cos(-,'q, a)cos (-,'q„a),

y, (g) = cos(q, a)+ cos(q„a) —2.
A least-squares fit to the experimental results

shown in Fig. 3 was performed neglecting the
next-neighbor-exchange interactions. The results
are shown in Table II where they are compared
with the values deduced by de Wijn et al. ' The
results are in remarkably good agreement with
one another.

More distant interactions might play an impor-
tant role in determining the behavior of the mag-
netic correlations near the percolation point; as
noted previously, the critical percolation concen-
tration on a square lattice is 0.59 for nearest-
neighbor interactions, "and 0.41 for next-nearest-
neighbor interactions. Consequently, one of the
principal objectives of our study of Rb,MnF, was
to determine the magnitude of the (nnn) exchange
interactions. This is most readily observed by
comparing the energies of the spin waves for
wave vectors at the [&00] and [g)0] zone boundaries.
The difference between these two frequencies is
given within the linear spin-wave approximation
as

E(~, 0, 0) -E(E', ~, 0) = 2J2S.

Both of these frequencies were determined at a
variety of different wave-vector transfers, two
of which are illustrated in Fig. 2. The resulting
estimate for P from the difference between the

TABLE II. Parameters of the spin-wave dispersion relation in R12MnF4.

Parameters

J& (meV)

Goodness
of fit
X2

Model I

0.6544+ 0.0014

0.0048 + 0.0010

0.016

Model II

0.6734+ 0.0028

0.0048 + 0.0007

0.0088 + 0.0013

0.005

de Wijn pt al.

0.657 + 0.008

0.0047
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values is P = 0.010~ 0.003. An alternative estimate
of P was obtained by a least-squares fit to all the
measurements shown in Fig. 3. The results are
listed in Table II and give P = 0.0088+ 0.0013.

One possible origin of the next-nearest-neighbor
interaction in Rb,MnF, is the magnetic dipolar
forces. These interactions are discussed in detail
by de Wijn et al."who calculate the lattice sums
for this structure. Their calculations show that

the dipolar forces split the degeneracy of the zone-
boundary modes at the [g(0] zone boundary; the

splitting is 0.08 meV and the mean energy is re-
duced by 0.006 meV. The energy of the excita-
tions at the [F00] zone boundary is reduced by

0.009 meV. We conclude that dipolar forces give
rise to a difference between the energies of the

two zone boundaries which is the opposite sign
and an order of magnitude smaller than we ob-
serve. Consequently, the measurements show

there to be a next-nearest-neighbor antiferro-
magnetic exchange interaction J,= 0.012 a 0.002
meV. The nearest-neighbor-exchange interaction
is 0.673 ~ 0.028 meV which when corrected for
the effects of spin-wave interactions" gives an

exchange constant of 0.653 + 0.027 meV.

IV. DYNAMICS OF EXCITATIONS IN Rb2Mn, Mg&, F4

The experiments were carried out with the same
experimental configuration as described above ex-
cept that coarser collimation was employed. The
collimation before the monochromator was 20
min, and after the monochromator, and both be-
fore and after the analyzer, was 40 min. The
analyzer angle was held constant throughout the
scans so that the outgoing neutron energy was
14.8 meV and a pyrolytic-graphite filter was in-
serted between the specimen and the analyzer to
remove those neutrons which would be reflected
by the higher-order reflections in the analyzer.
In this configuration, the energy resolution of the
spectrometer was typically 0.6 meV full width at
half -maximum.

Spin-wave excitations may be measured using
neutron scattering by means of the transverse
part of the scattering cross section. If Sru is the
neutron energy loss and Q the neutron wave-vector
transfer, the transverse part of the cross section
for unpolarized neutrons is given by'

d 0'

k
f'(Q)-' 1+=*, S'(Q ~),d~ u meC 0 Q

(3)

where f(Q) is the form factor of the magnetic
ions, and k, and k' are the wave vectors of the
incident and scattered neutrons, respectively,
and the spin direction has been taken to be the z

axis. The Van Hove scattering function is given

by

S'(Q, (o) =— dt e'
2m

x pe'o 'tarn Rn~(S+(0)S„(t)+S (0)S'„(t)),

(4)
where the summation is over all the magnetic
sites at R or R„, and the spin variables have

been written in the Heisenberg representation.
The crystals were oriented with [010] axis ver-

tical [Fig. 1(b)] in a variable-temperature cryo-
stat, and the spectrometer controlled in the con-
stant-Q mode of operation with variable incident

energy. Ideally, the intensity observed in each
scan is then proportional to S'(Q, ~); the 1/k, fac-
tor being cancelled by the 1/k, efficiency of the
monitor counter. In practice, however, the mono-
chromator reflects neutrons with wave vectors
proportional to 2ko 3ko and 4ko as well as the
desired neutrons with wave vector k, . These con-
taminant neutrons are also counted, with steadily
decreasing efficiency, by the monitor detector,
and it is necessary to correct the observed spec-
tra for the effect of these neutrons on the monitor.
This correction was estimated as follows": (i) by
determining the number of higher-order neutrons
using the absorption of different thicknesses of
boron-loaded glass, (ii) by measuring the intensity
of phonons in copper and comparing with the theo-
retical cross-section, and (iii) by measuring the
magnons in K,MnF4, "and comparing the intensities
with those expected for antiferromagnetic spin
waves. The results of all these methods were in
accord with one another to an accuracy of 5% for
incident neutron energies between 10 and 40 meV.
The correction factor relevant for this experiment
is shown in Fig. 4 arbitrarily normalized to unity
for an energy transfer of 6 meV.

Also shown in Fig. 4 are the observed distribu-
tions for the zone-boundary wave vector of
Rb,Mn, „Mg, 4,F4 at three different temperatures,
1.1, 5.0, and 10.0 K. The background under the
observed distributions is shown by the dotted lines
and is believed to arise largely from the room
background and to be independent of energy trans-
fer. These results show that there is considerable
magnetic scattering, but that it is spread between
0 and 7.5 meV. Within this frequency interval,
however, the intensity is not constant but shows
peaks at 3.15+0.15, 4.85+0.15, and 6.40+0.15
meV. The frequencies of these peaks may be com-
pared with the Ising frequencies rSJ of the Mn
ions with the number of magnetic neighbors
r=1, 2, 3, and 4; namely, using the results of
Table I: 1.63, 3.27, 4.90, and 6.55 meV. The
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figure gives the A, /2 correction factor C as discussed in
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agreement between the positions of the peaks and
these Ising frequencies suggests that the structure
arises as a result of the characteristic frequencies
of Mn ions surrounded by different numbers of
neighbors. These results are qualitatively similar
to those observed previously' in Mn»Znp „F,and
Mno 68Znp 32F2 but in the present case the struc-
ture is very much more pronounced and easier
to measure experimentally. A large part of this
is due to the fact that there are only five different
possible configurations around each magnetic ion
in this case, whereas there are nine in the rutile
structure. Figure 4 also shows that there is a
considerable temperature dependence to the struc-
ture. The peaks are less pronounced at 5.9 than
at 1.1 K, and have almost disappeared at 10 K.
This temperature dependence is correlated with
th e temperature dependence of the correlation
length described in Paper II.

Measurements were made at six different wave
vectors along the [F00] direction in the magnetic
Brillouin zone in R12Mn, „Mg, „F,crystal. Back-
ground was subtracted from the results and the
correction applied for the effect of higher-order
neutrons on the monitor. The results are shown
in Fig. 5. As the wave vector decreases towards
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the zone center, the intensity of the scattering
increases, and its weight moves to smaller ener-
gies. Both of these results are to be expected
from a broadened antiferromagnetic spin-wave
excitation. The fine structure, which is observed
most clearly at the zone boundary, persists at
all wave vectors, but is very much less pronounced
at the zone center.

The energies at which the peaks and shoulders
occur are shown in Fig. 6. There is little dis-
persion to the energies of the structure at the
highest energies, but there is considerably more
dispersion to the other bands. In Fig. 6, these
frequencies are compared with the Ising energies
calculated with the exchange constant appropriate
for Rb2Mn, ,4Mgp y6F4 as discussed in Sec. VA.
The observed bands lie between the Ising energies
and tend to lie just above an Ising energy at the
zone center and just below the energy at the zone
boundary.

Less-detailed measurements were made on
the other sample Rb,Mnp 57Mgp Q3F„because the
concentrations of the two samples are very simi-
lar, and no marked qualitative change in the spin-
wave scattering with concentration was anticipated.
The results for the zone-boundary response,
after subtraction of the background and multi-
plication by the correction factor (Fig. 4), are
shown in Fig. 7. Comparing this result with Fig.
5, indeed shows that there is little qualitative
change in the scattering with concentration. As
expected, in the more concentrated sample the
weight of the scattering is moved somewhat to
larger energies, but the energies of the peaks
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FREQUENCIES OF THE STRUCTURE IN S(Q,cu)

FOR Rb2 Mn0. 54Mg 0.46 F4
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3.05+0.20, 4.95+0.15, and 6.50+0.15 are the
same as those found in the c = 0.54 sample.

V. COMPARISON WITH THEORY

A. Computer simulations

The first computer simulations of disordered
antiferromagnets were performed by Harris and
Holcomb' for the Ma, Zn, ,F, system. Since then
such techniques have been used to study the
K,Mn, Ni, ,F4 system, and more recently the
Rb2MncMgl F4 system. "Kirkpatrick and co-
workers4 calculate an expression for the neutron
scattering by direct inversion of a large matrix.
The procedure adopted by Thorpe and Alben' is
more allied to molecular dynamics and involves
integration of an equation of motion. Thorpe and
Alben have kindly made their computer program
available to us, and for this reason, we give a
detailed comparison with results obtained using
their techniques. From Ref. 4 we judge that close-
ly similar, if not identical results, would be ob-
tained using the Kirkpatrick method.

WAVE VECTOR ( C,O, O )

FIG. 6. Energies of the Ising peaks in Rb2Mno &Mgo 46F4
as a function of wave vector at 4.0 K.

The computer simulation is begun by setting up
an antiferromagnet arrangement of spins on a
square lattice. Some of these spins are then re-
moved using a random-number generator so as to
give the desired concentration of magnetic and

nonmagnetic sites. The excitations are then cal-
culated by setting up a spin wave in the structure
and numerically integrating the equation of motion
of the spin wave which is deduced by using the
normal approximations of linear spin-wave theory.
The resulting time evolution is Fourier trans-
formed to obtain the correlation function Eq. (4).
As noted above, the calculation was performed
with the aid of computer program supplied by
Alben. The details are the same as these described
by Thorpe and Alben' except that the damping func-
tion used in the Fourier transforms was exp(-At2)
instead of exp(-At). The former choice gives a
Gaussian peak after Fourier transformation which
more accurately simulates the experimental
resolution function than the Lorentzian form used
earlier. The parameter ~ was chosen so that the
width of the Gaussian was the energy resolution
of the experiment.

The calculations were performed with a square
lattice containing 80x80 sites and the time develop-
ment followed for 91 time steps. The weak next-
nearest-neighbor interaction (Sec. III) was neglec-
ted in the calculations, and the anisotropy field
was chosen to have the same value as in Rb,MnF, .
Initially the calculations were performed with the
nearest-neighbor-exchange constant having the
same value as in Rb,MnF, . The peaks in the struc-
ture were then all at significantly lower energies
than those observed. In the final calculations
the nearest-neighbor-exchange interaction was
taken to be 0.72 meV and the results of the calcula-
tions are shown in Figs. 5 and 7. The overall
intensity normalization of the theory to the ex-
perimental curves was determined by making
the areas under the curves between 1.0 and 7.0
meV equal at a single q vector, in this case, the
zone boundary. The calculated spectra at the other
wave vectors shown in Fig. 5 were multiplied by
the change in both the form factor and the geo-
metric factor (1+g/Q') with wave-vector trans-
fer. The inclusion of the geometric factor is
appropriate, as will be shown in Paper II because
the majority of the spins are aligned along the c
[001] axis at low temperature. That is, the clus-
ters simulate finite-size Neel antiferromagnets
at the lowest temperatures; hence the inelastic
scattering should be overwhelmingly transverse
in character.

The agreement between the observations and
the calculations shown in Figs. 5 and 7 is unusually
gratifying. The calculations accurately reproduce
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both the frequency dependence and intensity of the
neutron scattering for all the measured wave vec-
tors. This success shows that linear spin-wave
theory is as appropriate for describing disordered
systems as for pure systems.

In the calculations reported by Thorpe and
Alben' for c = 0.5 and reproduced by the dotted
line in Fig. 7, there is a sharp peak with an energy
of approximately 1.7 meV, which they associate
at least in part with the existence of isolated
triads of magnetic ions. It is of interest that this
peak is largely suppressed in both the experiment
and the calculations when the concentration is in-
creased to c=0.54 or 0.57.

In evaluating the success of the computer simu-
lations one should note the following. There are,
overall, three parameters: the concentration, the
nearest-neighbor exchange and the intensity scal-
ing factor. As discussed in Sec. II, for the 54%
sample, chemical analysis on a separate sample
from the same boule yields c =0.55~0.02 while
the percolation experiments discussed in Ref. 14
and Paper II suggest c = 0.54 a 0.01. Variation of
c in the Alben-Thorpe theory by +2% produces
only a slight change in the theoretical spectra,
although the optimal visual fit is indeed obtained
for c = 0.54. Thus the concentration is not a
bona-fide adjustable parameter although if one of
the above estimates were grossly in error one
might question some of the underlying assump-
tions. Choosing c = 0.54 for the first sample then
necessitates c = 0.57 for the second; this value

agrees exactly with the percolation experiment on
the second sample. As is evident in Fig. 7, the
computer simulations for S'(g, ~) (c = 0.57) at the
zone boundary are also in very good agreement
with the experiment.

The exchange interaction J, determines the
horizontal scale factor for the theory. Using an
nn-only spin-wave theory, one finds J, = 0.65 meV
for Rb,MnF, (a=4.214 A) and J, =0.75 meV for
K,MnF, (a=4.16 A). Since a=4.15 A for the ran-
dom sample, one might have expected J, to be
close to the K,MnF4 value. In fact, the optimal
J1 in the computer simulation is 0.72 meV, inter-
mediate between the above two values. In the
absence of an independent estimate of the true
microscopic exchange, we can only comment that
the value of J, deduced from the linear spin-wave
theory is most reasonable. Finally, since we have
not measured the scattering in absolute units one
can only evaluate the success of the theory in
predicting relative intensities. As noted above,
with the intensity scale factor fixed by the zone
boundary spectra, excellent agreement is ob-
tained across the magnetic Brillouin zone. We
note that much worse agreement' is found in the
mixed magnetic system Rb,Mn, ,Ni, ,„F,.

B. Coherent-potential approximation

The coherent-potential approximation is the
analytic theory which is most frequently used to
describe the excitations in disordered systems.
There are two approaches which have been em-
ployed in its application to dilute antiferromagnets.
The first approach by Buyers et al,.' was based on
the success of the Ising modeL in providing a
qualitative understanding of the experimental
results especially for wave vectors close to the
zone boundary. ' The Ising part of the magnetic
interactions gives the characteristic excitation
energy of each magnetic ion in its particular
environment. The scattering of the excitations
then arises because these energies are different
for different environments and the effects of this
scattering are calculated using the single-site
CPA approximation" developed for electrons and
phonons in alloys. The difficulty with this approach
is in the treatment of the transverse parts of the
magnetic interactions, and various different ap-
proximations' have been used to incorporate their
effects at least approximately.

The second apprpach was developed by Harris
et al."to overcome the difficulty in treating the
transverse interactions. They noticed that in
dilute ferromagnets and antiferromagnets" the
change in the Hamiltonian due to the presence of
the nonmagnetic ions could be written as a sum over
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represent CPA calculations using the hard-core and
empty-core approximations, respectively.

the nonmagnetic sites. They were then able to in-
clude both the Ising and transverse parts of the
exchange interactions in solving for the scattering
of each nonmagnetic ion surrounded by its neigh-
bors. Unfortunately, in this treatment all the
magnetic ions are treated equivalently, and so
there is no distinction made between magnetic ions
surrounded by different numbers of nonmagnetic
ions. As a result S'(Q, cu) has a single peak for
each Q, and the model fails to account for the fine
structure shown in Figs. 4-7. Detailed calcula-
tions for the dilute (2-D) square lattice have not
been made with this theory. Calculations have,
however, been made" with the theory of Buyers
et aL

Calculations were performed for a concentration
c = 0.5 with nearest-neighbor-exchange interac-
tions. Considerable difficulties were experienced
with the convergence of the iterative procedure
to obtain the coherent potential, and the results
were obtained only after many (-40) iterations and
using a reduction factor of 0.4 to reduce the cal-
culated change in the coherent potential after each
step. Even then, the potential had not completely
converged for energies close to %.0 meV.

These calculations employed the same approxi-
mation to treat the transverse parts of the ex-
change interactions at Buyers et al. ', namely,
that the frequency dependence of the off-diagonal
part of the self-energy matrix was the same as
that computed for the diagonal part. Because of
the approximations inherent in the coherent po-

tential approximation, it is necessary to ensure
that the magnetic excitations do not propagate
onto the nonmagnetic sites. One way of achieving
this is to place a large repulsive potential at each
nonmagnetic site" (hard core), and the other is
to omit the nonmagnetic ions' (empty core). In

Fig. 8, the results of both of these calculations,
convoluted with the experimental resolution, are
compared with the measured spectra. The calcu-
lations are only in qualitative accord with the
measurements and give fine structure which is
considerably more pronounced than that observed
experimentally. This is clearly a much more
severe test of the coherent potential approximation
than earlier measurements for which the CPA
theories appeared to be more successful as re-
viewed in Ref. 1. The reason for this may be tiie
lower coordination number which makes the ap-
proximations inherent in the CPA more suspect,
and which also makes measurements of the de-
tailed spectral shape of S'(Q, &v) easier. We hope
these measurements will lead to efforts to im-
prove the CPA theories for these systems.

Vl. CONCLUSIONS

In this paper we have presented measurements
of the spin-wave excitations in pure Rb,MnF, and
the disordered materials Rb,Mn, Mgy F4 with
c= 0.54+0.01 and 0.57+0.01. The results for the
pure material show that the nearest-neighbor-
exchange constant deduced from macroscopic mea-
surements" is very accurately correct. There
is also a weak antiferromagnetic next-nearest-
neighbor-exchange constant.

In the disordered materials, the spin-wave
excitations are damped to the extent that the
scattering for each wave vector is spread over
the whole of the spin-wave band. The weight,
however, tends to lower frequencies near the
zone center. The scattering does show consider-
ably more marked structure than was observed'
in the analogous 3-D materials. This structure
arises from the different characteristic excita-
tion energies of magnetic ions with different num-
bers of magnetic ions as neighbors. One of the
most interesting aspects of our results is the
excellent agreement obtained with computer simu-
lations based on linear spin-wave theory. ' This
success shows that linear spin-wave theory does
provide an appropriate description of the excita-
tions in disordered as well as ordered magnetic
materials. Analytic theories based on the coherent
potential approximation are less successful at
providing understanding of our results. Clearly
our experiments suggest that further refinements
of the CPA would be worthwhile. Finally, our
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measurements show that the spin-wave spectra
of the disordered materials is temperature depen-
dent even below 10 K. %e do not know of any
theories of the temperature dependence of mag-
netic excitations in disordered systems.
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